Geopolymer concretes are currently being commercialised in Australia and elsewhere around the world, with a view towards enhancing the sustainability of the world's construction industry. The fundamental geopolymer binder is an aluminosilicate gel which displays key structural features on every length scale from Ångstroms up to centimetres, meaning that multiscale analysis is key to the development of a detailed understanding of geopolymer formation and performance. Here, we present results from investigations of geopolymer nanostructure, focusing on the use of infrared spectroscopy as an analytical tool. The effects of different combinations of precursors in geopolymer formation provides critical information, in particular with regard to the rate of reaction and its impact on the final distribution of elements and structures within the geopolymer binder. Formulations are designed so that the same composition is obtained by the use of precursors which release their constituent elements at very different rates under alkaline attack during geopolymerisation, and this provides essential information regarding the role of different elements in forming strong and durable geopolymer structures. Seeding the geopolymer mixture with very low doses of oxide nanoparticles presents several unexpected effects, both in terms of reaction kinetics and also in altering the nature of the zeolitic crystallites formed within the predominantly X-ray amorphous geopolymer binder.
Introduction
A geopolymer is a type of alkali-activated aluminosilicate cement which can have comparable or superior mechanical, chemical and thermal properties when compared to Portland-based cements, and with significantly lower CO 2 production [1]. This has led to geopolymers receiving increasing attention in the scientific literature over the past decade; however, much about these materials is still not well understood [2, 3] . Geopolymers are generally synthesised by the reaction between J.L. Provis, A. Hajimohammadi, C.A. Rees, and J.S.J. van Deventer Department of Chemical & Biomolecular Engineering, University of Melbourne, Australia e-mail: jprovis@unimelb.edu.au http://www.chemeng.unimelb.edu.au/geopolymer/ an aluminosilicate source (often fly ash, metakaolin and/or blast furnace slag) and an alkali metal hydroxide or silicate solution. The geopolymer binder structure consists of tetrahedral Si-O and Al-O bonds arranged in a predominantly X-ray amorphous gel network, where the tetrahedral Al sites are charge-balanced by an alkali cation.
The first stage of geopolymerization is the release of aluminate and silicate species from a solid source, induced by alkali attack on an aluminosilicate material. First, the surface of the solid contacts the activating solution, and hydrolysis reactions begin to occur, with the formation of oligomers and finally polycondensation to form a three-dimensional aluminosilicate network [4] . Soluble silicates are frequently used in geopolymer production to aid dissolution of the aluminosilicate starting material and enhance the mechanical properties of the binder [5, 6] .
The primary aim of this paper is to analyse the role of gel nucleation in the formation of geopolymers, particularly by the use of high-surface area seed particles to modify the nucleation process [7] , and also by designing geopolymer mixes with different reaction rates but the same composition. Spatially-resolved infrared spectroscopy will be used to identify the effect of the kinetics on the distribution of silicate and aluminate species within the geopolymer gel [8].
Materials and Methods
To synthesise geopolymers for seeding experiments, 20.8g of a 6M NaOH solution was mixed with 60g of fly ash (Gladstone Power Station, Queensland, Australia, oxide composition and detailed characterisation given in [6, 9] ) and stirred mechanically for no more than 2 minutes. Additional samples were prepared with the same composition, but with 0.01g of Al 2 O 3 nano-particles (NanoScale Materials, USA, mean particle size 200nm and specific surface area 275m 2 /g) dispersed in the activating solution immediately before mixing with the fly ash, to act as potential nucleation sites. XRD analysis was performed after 100 days at 30ºC.
Geopolymers for infrared spectroscopy study were synthesised using a 'onepart' (just add water) procedure [10]: solid washed geothermal silica (96% SiO 2 , from the Cerro Prieto geothermal power station, Mexico) and reagent-grade sodium aluminate (Aldrich) were blended to give the desired Si/Al ratios, and then mixed with water at a molar ratio of H 2 O/Na 2 O = 12. ATR-FTIR spectra of onepart mix geopolymers were collected using a Varian FTS 7000 FT-IR spectrometer, with a Specac MKII Golden Gate single reflectance diamond ATR attachment with KRS-5 lenses and heater top plate. Absorbance spectra were collected from 4000-400 cm -1 at a resolution of 2 cm -1 and a scanning speed of 5 kHz with 32 scans. Fig.1 shows the X-ray diffraction data obtained from seeded and unseeded geopolymer formulations after 100 days' curing at 30°C. The most striking aspect of
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